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Mechanical performance characteristics were compared for 100% polyester treated and untreated
weft-knitted mesh fabric that are used to contain dry-ageing hams, commonly referred to as ham
nets. The treated net was coated with a patent-pending food-grade chemical solution (40%
Propylene Glycol + 1% Propylene Glycol Alginate + 1% Carrageenan) to control ham mites.
Both treated and untreated ham nets were compared for mechanical performance characteristics
based on the following standards: abrasion resistance (ASTM D4966), elastic recovery (BS EN
14704-1:2005), breaking strength (ASTM D5034-09), and bursting strength (ASTM D3786).
Results indicate that the coating had minimal to no impact on the mechanical performance
characteristics of ham nets. SEM images also showed no negative effect on the fiber morphology
due to the applied chemical solution. Findings support the use of treated ham nets to increase the
end-use functionality and provide stakeholders an option for integrated pest management without
compromising performance needs.
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CHAPTER I
A COMPARATIVE STUDY OF MECHANICAL PERFORMANCE CHARACTERISTICS
BETWEEN TREATED AND UNTREATED HAM NETS
1.1

Introduction
Textile surfaces, including natural and synthetic fibers, often include coating and

chemical infusion to improve mechanical performance and functional characteristics for the final
end-use applications. Surface modification without changing mechanical performance
characteristics is a critical research need (Shahidi et al., 2013). Apart from the end-use
advantages, surface modifications have some drawbacks, including surface contamination,
dirtiness, superficial penetration, large energy consumption, and short-lived adhesion. Various
surface modifications may improve the mechanical performance characteristics of textiles,
including abrasion resistance, elastic recovery, breaking strength, and bursting strength. Organic
compounds, inorganic particles, and polymers are used to improve mechanical performance
characteristics and end-use functionality of textiles in the food industry through surfacemodification (Aznar et al., 2016). Knits and nonwovens remain some of the most popular types
of textiles used in the food industry. However, recent research indicates that direct surface
modifications to knit textiles are not conducive due to their openness and stretchiness (Nadi et
al., 2018). Additional researchers report inconclusive findings on the effect of direct surface
modifications, including surface-coating, on the mechanical performance characteristics of
textiles (Hasani, et al., 2017). The Code of Federal Regulations 110 Current Good
1

Manufacturing Practice in Manufacturing, Packing, or Holding Human Food provides guidelines
on surface-modification practices for textile use in the food industry. One of the acceptable good
manufacturing practices is coating in a food-safe production facility (Food and Drug
Administration, 2020).
A primary method of surface-coating is to apply a liquid compound or solution through
the impregnation of the textile structure using a bath or trough and passing through squeeze
rollers (Billah, 2019). Surface-coatings can improve end-use functionality through the direct
application of an organic/inorganic layer on the surface that adheres to the textile structure. This
process remains the most feasible technology to improve the end-use functionality and to
enhance the tactile qualities, mechanical performance, and aesthetics of textiles (Jiang et al.,
2006). Yet, research remains limited on the mechanical performance characteristics of surfacecoated textiles in relation to end-use functionality enhancements. For instance, Campbell et al.
(2017, 2018) surface-coated a 100% polyester knit textile with a solution of food-grade
ingredients for use during the aging of dry-cured ham. In that study, the surface-coating
improved the end-use functionality by controlling mites. However, the effects of applying the
solution to the nets were not evaluated for their impact on the mechanical performance
characteristics of the nets. Therefore, research is needed to assess the mechanical performance
characteristics of surface-coated textiles that are used in industrial applications. In a continuation
of prior studies (e.g. Campbell at al., 2017), researchers developed a patent-pending food-grade
solution which slows the reproduction of mites on dry-cured hams. This solution is applied to a
textile following the aforementioned primary surface-coating methods (Campbell et al., 2018).
The product resulting from this process is referred to in the literature as a treated ham net. An
untreated ham net is defined as the sourced textile material which did not undergo surface2

coating whereas a treated net has a surface coating applied. Both meet the end-use functionality,
however the treated, in comparison to the untreated, may enhance the function of the ham net
through surface coatings. While the treated ham net is effective at pest management, thereby
improving end-use functionality, evaluation of mechanical performance characteristics has not
yet been evaluated.
1.2

Purpose of the Study
Therefore, the purpose of this study is to compare the mechanical performance

characteristics of treated versus untreated ham nets. The comparison of mechanical performance
characteristics was based on results of the following textile evaluation standards: abrasion
resistance, elastic recovery, breaking strength, and bursting strength.
1.3

Definition of Terms
Air permeability: The amount of air passed through a surface in certain pressure and unit

time (Oğulata & Mavruz, 2010)
Bending properties: Wear performances of clothing, including wrinkles and drapes (Shin
et al., 2005).
Comfort regulation: Comfort regulation of polymer or textiles is closely connected with
thermal regulation, which refers to the state of mind satisfied with the thermal environment
(Olesen et al., 2001).
Dry-cured ham: A ham from the porcine species that is preserved by dry curing and
aging (Campbell et al., 2017).

3

Dtex: Tex is the linear density unit of yarn in the metric or direct system. 1 tex means a
yarn of 1000 meter weighs 1 gram. Similarly, 1 dtex (decitex) or 1/10 tex indicates 10000 meters
length of yarn weighs 1 gram (Hari, 2012).
Elasticity: The property of the material that helps it stretch and retain its original shape on
the withdrawal of the applied force (Collier & Epps, 1999b).
Food grade: Qualified to use in food and complied with all standard safety standard
(USFDA, 2018).
Gauge length: The distance between the grips or clamps of the tensile tester (ASTM,
2017).
GSM: The weight of fabrics in gram per meter squared (g/m2). If a fabric GSM is 150,
then one-meter square area of fabric weighs 150 grams (Hoque & Rassel, 2019).
Shear properties: Related to the shape and drape of clothing (Shin et al., 2005).
Stitch density: The number of loops in one inch or centimeter in a knitted fabric
(Campbell et al., 2018).
Tactile qualities: The properties of textiles that are assessed by the sense of touches, such
as roughness, hardness, and smoothness (Mahar et al., 2013).
Tensile properties: The behaviors shown by the textiles on the application of external
forces (Shin et al., 2005).
Textiles: A laminar structure made of interlacing yarns that are composed of fibers
(Withers, 1952).
Thermal regulation: The process of maintaining a standard temperature (Li et al., 2018).
Ultraviolet irradiation: It is a method of disinfecting microorganisms using
electromagnetic wavelengths between 10 to 400 nanometers (Cutler & Zimmerman, 2011).
4

Volatile: The liquid or other substance that vaporizes in normal atmospheric condition.
Wale and course: A Wale are the vertical direction of loops and course is the horizontal direction
of loops in the knit fabrics (Kaldor et al., 2008).
1.4

Review of Literature
To better understand how surface-coated (treated) textiles in the food industry are

connected to mechanical performance characteristics, this review of literature provides an
overview of prior research related to the following topics: (1) types of textiles structures used in
food production (focus on dry-cured meat processes), (2) types and methods of surface
modifications (focus on surface-coated or treated processes), and (3) mechanical performance
characteristic evaluation of surface-modified textiles. The primary focus of this review of
literature will be related to treated ham nets (see Campbell et al., 2018), surface-coating
procedures, and mechanical performance characteristic evaluation procedures. As previously
mentioned, there is limited research directly investigating the mechanical performance
characteristics of treated ham nets. However, research using similar treatments, methodologies,
and evaluation instruments is robust. The presentation of related research provides justification
for the approach and evaluation procedures of this project, as well as contributes to the
development of the project hypotheses.
1.4.1

Type and Use of Textiles in Dry-cured Meat Processing
Often, meats are aged in a knit textile with a mesh structure, commonly referred to as a

net. More specifically, it is a tube-like mesh netting sewn or clipped at one end, with the other
end open (Inagaki, 1987). This terminology is derived from the textile nomenclature of
stockinette, a mesh knit structure commonly used in food processing. During the dry-curing
5

process, the meat is put into a net; the open end is clipped closed and then hung in an aging room
for a variable period of time (Fryer et al., 2011). Before the introduction of mesh nets into the
industry, cured and dry-cured ham producers used conventional textiles, such as interlaced
twines, knotted nets, and woven canvas sacks/bags (Rentfrow et al., 2012). Later, nets with
elastic rubber casings became popular in dry-cured production facilities. However, Fiddler et al.
(2008) reported that elastic rubber-coated yarn was responsible for the contamination of drycured ham with Nitrosamines. Therefore, the USDA imposed strict regulations on the use of
rubber coatings in ham nets. Gradually, cured and dry-cured ham producers started using fabrics
without a rubber coating. However, the elasticity present in the rubber-coated textiles remained
desirable. Due to the elasticity and recovery plus tiny pores across the surface, knitted mesh
textiles became useful in the dry-cured ham industry (Campbell et al. 2018). In this section, a
brief history of the types of textiles used in cured and dry-cured ham production as well as recent
research on the development of the modern-day mesh-style ham net is presented.
1.4.1.1

Twines
In the early years of dry-cured ham production, producers primarily used twines and

ropes to hang the meat for aging. Kemp et al. (1979) carried out an experiment on the quality of
boneless dry-cured ham using both twines and elastic nettings. Twine, cordage, and rope refer to
a long strand of textile fibers which are twisted, re-twisted, doubled, and braided together
(Wigglesworth, 1925). Twines are widely used in food production with different names as per
the usage: meat twines, kitchen twines, butcher twines, baker’s twines, and cooking twines.
Food-grade twines are composed of different fibers, including cotton, polyester, cotton-polyester
blends, jute, hemp, linen, and polypropylene. Twines produced with natural fibers such as cotton,
linen, hemp, and jute are commonly used in processing and cooking meats at higher
6

temperatures. Natural fiber usage prevents the melting and transferring of synthetic materials to
the food product. However, yarns composed of Polyethylene Terephthalate (PET) and
Polyethylene (PE) fibers are also used to make twines and ham nets due to increased durability
and lower cost in comparison to natural counterparts.
1.4.1.2

Feed Sacks and Canvas Bags
Walkley (1882) patented a canvas bag for use in dry-cured ham production. The patent

filing reports that ham-bags, known as slip-bags, were manufactured with a square open mouth
or top and straight sides at right angles to the top for about half the length of the bag, and with
the bottom end or lower half of the bag tapering and rounded. These bags were intended to be
gathered and tied at the top for hanging the ham in the aging rooms. Similarly, Hinkelman (1901)
patented a canvas bag for holding the ham. The author claimed that the invention was related to
devices for retaining hams during the process of boiling, and the object of the invention was to
provide a bag within which a ham may be placed and securely retained in position therein
without changing the normal contour of the ham and which may be securely fastened, preventing
moisture from penetrating the bag through the openings. While bags specifically designed for
the aging of dry-cured hams were available on the market, many producers began using cotton
feed sacks, as they were cheaper and more readily available (Brandes, 2009). The first feed sack
was made from osnaburg, a coarse fabric. The early bags were made of handspun yarns and
rough fabrics without any color and finish. Commonly, cotton, linen, or hemp are woven into
plain canvas or duck canvas. However, feed sacks started losing popularity with the emergence
of paper bags after the 1950s (Rentfrow et al., 2012, Brandes, 2009). Currently, feed sacks are
made from jute and synthetic polymers, such as nylon and polyethylene and are used to package
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agricultural goods (e.g., seeds or livestock feed) with little to no use in commercial dry-cured
ham facilities (Scarascia-Mugnozza et al., 2011).
1.4.1.3

Mesh-style Ham Nets
With the introduction of synthetic fibers and circular knitting capacities, mesh-style

netting, or stockinettes, became popular for use in food production (Kemp et al., 1979).
Stockinettes are manufactured using highly automated and efficient circular knitting machines
while remaining relatively inexpensive. The stockinette is ideal for use in food production
because it is produced using a non-contaminated synthetic fiber, which forms the base for a
disposable textile. From their use in the food industry, dry-cured ham producers (as well as
chickpea, meat, and cheese manufacturers) began to use these mesh-style fabrics, and the term
‘ham net’ became used in the research as well as the industry (Arganosa et al., 1998; Adam,
1998; Heck & Brown, 1961; Kemp et al., 1971)
Ham nets are a mesh-style textile whose knit structure is formed by interloping a set of
yarns using needles set on a circular framework (see figure 1.1). The loops can stretch in any
direction and tend to relax to the original shape of the textile and are more elastic than woven
textiles (Yuksel et al., 2012). Typically, knit textiles have specific characteristics, including
excellent flexibility, high porosity, substantial air permeability, and elasticity. There are two
types of knit structures, weft and warp. A weft-knitted textile consists of a series of horizontal
loops of yarns, while the warp knitted textile consists of a series of loops with zig zag pattern in
the vertical direction (Zhang & Ma, 2018). Based on the structure and textile characteristics, weft
knit mesh-style textiles are well-suited for use in the dry-cured ham industry.
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Figure 1.1

Basic construction of weft and warp knitting (Zhang & Ma, 2018)

Mesh fabric is a loosely knitted textile that has evenly spaced openings (designed holes)
across the surface to offer high air permeability and breathability. The spaced openings are
created, which changes the shape and dimension of the knit stitches. Mesh fabrics are usually
made of synthetic filaments, such as polyester, nylon, and metal yarns (Vekert. 2016). The warpknitted mesh has more loops than the weft-knitted mesh, with stronger and closer construction
(Pall, 1974). According to the structure of the spaced openings, mesh fabrics are available in
elliptic mesh, diamond mesh, or hexagonal mesh (figure 1.2) (Zhang & Ma,2018). Some
common mesh fabrics that are available in the market include nettings, laces, shawls, sheer,
surgical, metal, power, dive, athletic, 3D spacer, Textilene, and knotless.

Figure 1.2

Different derivatives of weft and warp knitted mesh fabrics (Zhang & Ma, 2018).
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Ham net knit structure consists of weft knit or, a regular set of loops in horizontal rows.
The loops from one row are pulled either up (knit stitch) or down (purl stitch) through the loops
of the previous row. When the yarn completes a row, it doubles back and makes another row. A
stockinette consists of only knit stitches on one side and purl stitches are on the reverse side as in
the figure (Kaldor, et al., 2008).
1.4.2

Surface Modification Procedures of Textiles
The surface modification of textiles is defined as the altering of existing textile

characteristics through the surface application of mechanical, thermal, or chemical treatments
that add value to end-use functionality in terms of comfort, ease of care, health, and hygiene.
Most surface modifications are made to improve textile end-use performance and/or durability
(Mahltig et al., 2005). Examples of surface-modifications to textiles include antimicrobial,
durability, permanent press, self-cleaning, conductivity, hydrophobicity, oleophobicity, and
nanotechnology (Rajendran et al., 2010). Additional examples of surface modification include
laundering treatments, whiskering (thin fading lines from creases on jeans), printing, and dyeing.
Many of these applications do not have an effect on end-use functionality but add to the overall
aesthetic value to the consumer. For the purpose of this literature review, aesthetic and nonfunctional surface modifications will not be discussed. The following sections will be limited
only to the types of surface treatments that add to the end-use functionality of textiles, including
textile coatings, cold-plasma, sol-gel, and lamination. The continuous advancement of research
and innovation in textile surface treatments provides increased safety, preservation, and
efficiency in food production/processes and industries (Shahidi et al., 2013).

10

1.4.2.1

Surface Treatment
Surface treatment is the process of imparting new functionalities to textiles by

designating a deliberate change in the physical structure of textiles without affecting the core
molecular structure of the fibers (Shahidi et al., 2013). To improve wetting, adhesion, and
surface characteristics of textiles, the techniques for surface treatment are classified as: wet
chemical, ionized gas, heat/flame, and ultraviolet irradiation. Surface treatments used in the
production of food-grade textiles are most commonly treated through wet chemical processing,
whereas liquid reagents coat or penetrate the textile substrate (John & Anandjiwala, 2009). Wet
chemical processing involves the use of liquid solutions and requires two steps: (1) pretreatment
or preparation of the textiles (polymers, fibers, yarns, or fabrics) and (2) wet finishing (yarns or
fabrics). The available synthetic fibers in an untreated form do not possess functionalities for
special use, such as pest control. These fibers need to be modified or treated. For example,
antibacterial, flame retardant, and water repellency are properties that can be imparted to textiles.
Two techniques that are available include surface modification and the integration of the
additives to the polymer matrix during the spinning process (Yan, 2016).
1.4.2.2

Coatings
Textile coatings are a finishing process that adds improved functionality and value to

textile materials by applying a polymeric layer directly on the surface that adheres to the textile
structure. This process can enhance the tactile qualities and aesthetic appearances of the textiles
and is a widely used and applied technology to alter the surface performance of textiles (Jiang et
al., 2006). A coated layer can withstand external substances and mechanical forces due to its
intrinsic properties, including low surface tension. Polyurethane, silicone rubber, and fluoro
compounds are the most common and popular materials that are used to coat textiles (Moiz et al.,
11

2018). Some common applications of surface coatings include water repellency, flame
retardancy, and lamination (John & Anandjiwala, 2009). Typical coating agents are polymeric
binders and additives (colorants, adhesion promoters, biocide, and plasticizers) that are applied
in the form of a solution, dispersion or paste onto the textile. Binders provide adhesion between
textiles and other components, which are mostly organic chemicals. Adhesive materials are
usually a complex mixture of different chemicals such as binders, media, and additives, where
coating materials may be liquid, melt, powder, or solid film (Shim, 2010).
Textiles are coated through a variety of techniques, including spray coating, pad-knife
coating, pad coating or dip coating, screen printing, injection coating, and evaporation coating.
Other high-tech coatings include chemical vapor deposition, physical vapor deposition, atomic
layer deposition, electrodeposition, spray coating (both plasma and thermal), self-assembling
monolayers, plasma coating, sol-gel coating, and nanotechnology (Billah, 2019). Pad or dip
coating (figure 1.3) is the most popular conventional method, where textiles are dipped into the
coating solution at a constant speed to take up an even amount of solution across the surface.
Following submersion, the textile is passed through a padding roller to remove the excess
solution. (Grosso, 2011).
Use of Surface coatings on textiles play a key role in the food industry, especially in food
storage textiles that were treated though a pad or dip-coating technique (figure 1.3). For
example, β-cyclodextrin treatment on both natural and synthetic textiles has been used in food
preservation and pest management in the agro-industry (Bhaskara-Amrit et al., 2011).
Additionally, researchers utilized cotton fabrics treated with an antimicrobial coating with the
help of core-shell particles consisting of (n-butyl acrylate) (PBA) cores and chitosan to preserve
and/or improve product safety (Singha, 2012). Antimicrobial coatings can be used in food
12

preservation inhibit the growth of microorganisms and kill existing microorganisms, which helps
extend product shelf-life and enhances food safety (Billah, 2019).

Figure 1.3

1.4.2.3

A schematic diagram of pad or dip coating (Billah, 2019).

Cold Plasma Treatment
Cold plasma treatment can be as accomplished through low-pressure plasma and

atmospheric pressure plasma, including corona treatment, glow discharge, and silent discharge.
Different reactions of plasma gas with polymers include surface reaction, polymerization, and
etching place (John & Anandjiwala, 2009). Both synthetic and natural fabrics that are treated by
Cold Atmospheric Plasma (CAP) can prevent the penetration of fabric surfaces by various
microorganisms, including E. coli bacteria. Thus, textiles treated by CAP are used in food
packaging in the food industry (Zimmermann et al., 2012)
1.4.2.4

Sol-Gel Treatment
The sol-gel treatment is a synthesis technique that is used to produce metal oxides that

include two distinct phases, which are solubilization and gelation (Owens et al., 2016). In this
process, modified silica and other metal oxide particles with a diameter of fewer than 50
nanometers are used to treat textiles and form a transparent and thin (below 1mm) layer on the
13

surface. Such coatings improve the mechanical properties of the textiles, through increasing
mechanical strength, wear prevention, and abrasion resistance (Mahltig et al., 2005). Various
inorganic substances can entrap antimicrobial agents through the use of different polymerization
techniques, such as hydrolysis, condensation, and polycondensation. The inorganic compound is
deposited on the surface of textiles through pad-dry-curing, dip-coating, spin-coating, spraycoating, and/or electrospinning. (Rivero & Goicoechea, 2016). These properties also offer
suitable applications for professional clothing, biomedical textiles, high-tech sportswear, and
technical textiles (Billah, 2019).
1.4.2.5

Lamination
Lamination is the process of bonding two or more layers closely together on the fabric

surface with the help of an adhesive or adhesive property. One or more textile substrates are
combined with adhesive or polymeric film(s) or membrane(s) with a heat press in conventional
lamination . Available lamination techniques include flame lamination, wet adhesive lamination,
hot melt adhesive lamination, heat lamination, hot melt lamination, ultrasonic lamination, and
film lamination (Shim, 2010).
In the heat lamination process, a melt adhesive or solid film is imparted on the surface of
the textile. Both adhesive film and textiles are carried out on a continuous flatbed where the
materials are held together. The flatbed passes through a series of heated central drums. As both
adhesive film and substrate pass through high heat and weight pressure, the adhesive melts and
gets attached to the substrate. The temperature is kept at 180°C-250°C. The materials are
combined under a tensioned continuous pressure blanket. The materials remain non-adhesive
until it comes in contact with heat (Singha, 2012).
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Table 1.1

Advantages and disadvantages of surface functionalization (Nadi et al., 2018).

Technique
Coatings

Advantages

Drawbacks and limits

High permanence.; flexibility with

Knitted fabrics cannot be directly

regard to coating technology and

coated because of their stretchiness

productive capacity; independent

and open construction; If not

from fabric type; requires a

properly crosslinked, coatings can

minimum of additives.

be slightly sticky to the touch and
have inferior wearing properties;
Technology is advancing, although
not as quickly as in some other
areas; Toxicity of some solvents
used in this process.

Cold Plasma

Requires less water usage and

Expensive equipment; Limited

Treatment

energy consumption and generates

industrial applications; surface

little fiber damage; applicable to

cleanliness: Since plasma treatment

almost all organic, organometallic

only influences the top layer,

and heteroatomic organic

contamination, or different surface

compounds; Reduces air, water,

conditions of the textile could have

and land pollution in comparison to

significant negative effects; the

conventional methods of wet

three-dimensional structure of

chemistry; worker friendly method.

textiles obstructs deep penetration
of energetic species into the fabric
that is required to ensure proper
treatment as the wet processes;
consumes a large amount of energy
to vaporize the solvent.
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Table 1.1 (continued)
Technique
Sol-gel Treatment

Advantages

Drawbacks and limits

Combine different functionalities in Limited washing durability; limits
a single material; the use of low-

the flexibility of textile materials;

temperature conditions and

need for costly organic solvents;

insensitivity to the atmosphere;

the mechanical properties of the

requires low water usage.

treated fibers, which tend to lose
their toughness and form cracks
under load).

Note. The table 1.1 was adapted from Nadi et al. (2018)

1.4.3

Mechanical Performance Characteristics Testing of Surface-Coated Textiles
Mechanical performance characteristics of textiles are the result of material resistance on

the application of external forces that changes the shape of the material. Mechanical performance
characteristics are related to textile characteristics, way and direction of applied forces, abrasion
resistance, elastic recovery, breaking strength, bursting strength, the chemical structure of the
material, and yarn or stitch density (Zupin & Dimitrovski, 2010). Surface treatments, including
coatings, may affect the mechanical performance characteristics of the textiles that lead to a
change in tactile qualities, including bending, shear stiffness, bulk compressibility, and surface
frictional properties as well as possible effects on end-use functionality (Hasani et al., 2017).
Vildan and Kaplan, (2011) investigated the effect of different chemical and mechanical
treatments, such as washing, and bleaching, on mechanical performance as indicated by breaking
strength, elongation, tearing strength, and weight loss of two types of denim fabrics. MANOVA
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was used in statistical analysis to investigate the changes in mechanical performance due to
applied treatments in comparison with untreated samples. The result showed a significant change
in the mechanical characteristics due to the application of treatments, with the exception of
bleaching. Ozcan (2007) carried out an investigation on the effect of water repellent coating on
different kinds of mechanical performance characteristics such as abrasion resistance, breaking
strength, and pilling of two different types of 100% woven fabric in comparison with untreated
fabrics. The data were analyzed by MANOVA to see the effect that the coating application
imparted on mechanical performance characteristics. Result showed a significant change in
breaking strength but no effect on abrasion resistance and pilling.
Sadaf (2016) used MANOVA to analyze the effect of an eco-friendly antimicrobial finish
(extract from the leaves of Azadirachata indica, Butea monosperma, and Litchi chinensis plants)
on the mechanical performance characteristics (tensile and tear strength) in both warp and filling
directions of 100% cotton, 100% polyester, and silk fabrics. An antimicrobial finish applied to a
textile inhibits the growth or reproduction or kills at least some types of microorganisms (Huang,
1999). The results showed a significant difference in each of the directions of the tested samples.
Tiyek et al. (2020) examined the effects of different melt flow indexes and GSM values
on breaking strength and elongation percent of polypropylene spun bond synthetic nonwoven
fabrics. The results showed a significant difference on tensile but not significant on elongation
(measure used for elastic recovery) percent. Through the increase in GSM, treated textile
materials increased in weight and size, which is a possible explanation for the difference in
breaking strength. This additional weight and textile structure provide an explanation for lack of
significant differences in elongation. While results from the prior research identify breaking
strength and elastic recovery as significant differences when comparing treated to untreated
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textiles, the reasons why and how treatments affect mechanical performance characteristic
remains inconclusive.
1.4.3.1

Abrasion Resistance
Abrasion is a rubbing action that causes erosion or wearing down to the material when it

repeatedly occurs against another surface (ASTM D123-03). Abrasion resistance is the ability of
fabrics to resist the damage or decay by repeated rubbing. It is a parameter that indicates the
durability and performance characteristics of the fabrics. It depends on the fibers, yarns, fabric
construction, and surface finish (Giwa et al., 2013). Abrasion resistance can be assessed either
by the number of abrasion cycles for the first yarn breakage or evaluating the samples by
greyscale (one being very poor and five being excellent) after a specific number of abrasion
cycles or the weight loss percentage of samples after a particular number of abrasion cycles
(Omeroglu, & Ulku, 2007). The ASTM International standard test method for abrasion resistance
of textile fabrics (Martindale Abrasion Tester Method) is D4966-12. Foitzik et al. (2006)
investigated the abrasion resistance of electroactive conductive polymer - poly (3-alkylpyrrole)
that was dip coated on a textile using the Martindale Abrasion Test method. Results indicated
that the coating improved the abrasion resistance of the wool textile.
1.4.3.2

Elongation and Elastic Recovery
Elongation and recovery are individual attributes of textiles. Elongation is stretching or

lengthening of textiles under a tensile force. In contrast, elastic recovery is the ability of a
stretched or deformed textile to return to its original shape after withdrawing the applied force
(Collar & Tortora, 2001). According to the British Standards (BS) method, elastic recovery is the
elongation that is recovered by the textiles from the total elongation that is expressed as a
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percentage. The standard methods for elongation and elastic recovery are available in ASTM and
the British Standards (BS). The ASTM International standard is WK27572-New Test Method for
Elastic Properties of Textile Materials, and the Determination of Elasticity of Fabrics (BS EN
14704-1:2005) is the British standard for the determination of the elasticity and recovery of
textiles. Hasani et al. (2017) analyzed the polylactic acid (PLA) and PET based knit pique
textiles of 150/144 dtex/filament yarn for elastic recovery at various stages of the industrial wet
treatment. Results indicated that PLA-based textiles outperformed PET-based textiles at every
stage of wet industrial processing. Both PLA and PET based textiles evaluated at the scouring
stage indicated higher values in elastic recovery when compared to PLA and PET filaments
directly following the extrusion process.
1.4.3.3

Breaking Strength
Breaking strength is the force required to break the textiles. Breaking strength is

measured by its resistance to stretching or breaking, which is applied parallel to the fiber axis
(Collar & Tortora, 2001). ASTM (D123-03) defines the breaking strength of textiles as “the
ability or capacity of a specific material to withstand the ultimate tensile load or force required
for rupture.” The standard methods for tensile strength are available in ASTM International and
ISO standards such as ASTM D5034-09 for breaking strength and elongation of textile fabrics
(grab test) and ISO 1421:2016(en) for rubber- or plastics-coated fabrics — determination of
breaking strength and elongation at break. Kim et al. (2006) investigated the mechanical
properties of polyaniline (PANI) as the conductive polymer coating on polyethylene
terephthalate (PET) yarns. They passed the PET yarns through a solution that comprised of a
mixture of 10% PANI dissolved in xylene in a continuous sol-gel coating process. The PANI
solution was used as a coating to improve the electrical conductivity of the PET yarns to use
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those coated yarns as intelligent and multifunctional substrates in smart and wearable textiles. In
mechanical properties testing, the uncoated PET yarns showed reduced breaking strength while
PANI coated PET yarns showed 10% increased strength. The researchers suggested that these
coated conductive yarns should be used in fibrous sensors, connection devices, smart clothing,
and electromagnetic shielding applications because of their improved electro-mechanical
properties.
1.4.3.4

Bursting Strength
According to ASTM (D123-03), bursting strength is the force or pressure required to

rupture a textile by distending it with force, applied at right angles to the plane of the fabric,
under specified conditions. Bursting strength is the applied force that is exerted perpendicularly
and multi-directionally on the fabric to break it. Evaluating the tensile strength in the wale and
course directions does not accurately reflect the measure of the strength in knit textiles.
Therefore, testing the bursting strength of the knit textiles is essential for a multidirectional
approach. (Mavruz & Oğulata, 2010). The applied forces on textiles work in different directions
and are designated by three axes. When the applied forces are in the X-axis and Y-axis
directions, the effect and behavior of the forces against the textiles are similar to tensile strength
evaluations. When the forces are in X, Y, and Z-axis directions, the ability of a textile to resist
those forces from all three directions is the bursting strength (Özdemir & Mert, 2013). The
ASTM International standard for this test is D3787-16, the standard test method for bursting
strength of textiles—Constant-Rate-of-Traverse (CRT) ball burst test and ASTM D3786 Bursting Strength of Textile Fabrics—Diaphragm Bursting Strength Tester Method. The ISO
standard bursting strength test is ISO 13938-2:2019(en)Textiles - Pneumatic method for
determination of bursting strength and bursting distension. Khoddami et al. (2010) carried out a
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bursting strength test of polylactic acid (PLA), and polyethylene terephthalate (PET) knit pique
fabrics (150/144 dtex/filament) that were coated with a hydrophobic surface treatment. A plasma
polymerization technique was used with an inductively coupled glow discharged reactor and
conventional pad-dry curing method to coat the fabric with a fluorocarbon finish. Ten samples
of both fabrics were evaluated for bursting strength. A Mullen LC Hydraulic Burst Tester
performed the test using the ASTM 3786-01 method. Results indicated that the fluorocarbon
finish imparts greater bursting strength to the PLA fabric. However, PLA fabrics have lower
bursting strength than PET fabric due to the greater elongation of the polyester yarns.
The review of literature indicates that limited research has been conducted on the
mechanical performance characteristics of coated textiles. However, the patent-pending foodgrade chemical solution did not impact the mechanical performance characteristics of ham nets
in a preliminary study (Al-Amin et al., 2019). The previous studies support the use of ASTM and
BSI procedures of mechanical performance testing, including abrasion resistance, elastic
recovery, breaking strength, and bursting strength as the measure of mechanical performance
characteristics of coated textiles.
1.5

Hypotheses
Due to the variability in mechanical performance characteristics results in prior literature,

hypotheses for this project are non-directional. As previously cited, there is limited literature
pertaining to the evaluation of the mechanical performance characteristics of coated textiles
(treated) with an enhanced end-use functionality, specific to dry-cured ham production.
According to prior literature, the terms treated and untreated will refer to coating a mesh textile
or not coating a mesh textile to be used in dry-cured ham production. These textiles will be
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referred to as ham nets (Campbell et al., 2018). Based on the review or literature, the following
hypotheses were developed:
H1a0. There is no significant difference in the abrasion resistance between treated and untreated
ham nets.
H1aa. There is a significant difference in the abrasion resistance between treated and untreated
ham nets.
H1b0. There is no significant difference in the elastic recovery between treated and untreated ham
nets.
H1ba. There is a significant difference in the elastic recovery between treated and untreated ham
nets.
H1c0.There is no significant difference in the breaking strength between treated and untreated
ham nets.
H1ca. There is a significant difference in the breaking strength between treated and untreated
ham nets.
H1d0.There is no significant difference in the bursting strength between treated and untreated
ham nets.
H1da. There is a significant difference in the bursting strength between treated and untreated ham
nets.
H20. There is no significant difference in overall mechanical performance characteristics
(abrasion resistance, elastic recovery, breaking strength, and bursting strength) between
treated and untreated ham nets.
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H2a. There is a significant difference in overall mechanical performance characteristics (abrasion
resistance, elastic recovery, breaking strength, and bursting strength) between treated and
untreated ham nets.
H30. There is no visual morphological difference of Scanning Electron Microscopic (SEM)
images between treated and untreated ham nets.
H3a. There is visual morphological difference of Scanning Electron Microscopic (SEM)
images between treated and untreated ham nets.
1.6

Methodology
Based on review of literature and the hypotheses developed, quantitative research

methodology was used to evaluate the mechanical performance characteristic comparison of a
coated mesh textile (treated ham net) and an uncoated mesh textile (untreated ham net). Prior
research indicated that the coating of a ham net with a Propylene Glycol (PG), Propylene Glycol
Alginate (PGA), and Carrageenan (CG) solution enhanced the end-user functionality of the
textile (Campbell et al., 2018). However, this research did not examine the effect of coating the
net on the mechanical performance characteristics of that net. Preliminary research supports the
application of abrasion resistance (ASTM D4966), breaking strength (ASTM D5034−09), elastic
recovery (BS EN 14704-1:2005), and bursting strength (ASTM D3786) test methods to evaluate
mechanical performance characteristics of treated and untreated ham nets. In addition to the
mechanical performance characteristic testing procedures, both treated and untreated ham nets
were visually assessed for difference in fiber structure. Data collected from the mechanical
performance characteristic test were analyzed using the Statistical Package for Social Sciences
(IBM SPSS, Version 26.0, IBM, NY, USA).
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1.6.1

Samples and Specimens
Samples of uncoated mesh textiles, also referred to as untreated ham nets, were provided

by Dickson Industries, Inc, IA (figure 1.4). Technical specifications for the tubular untreated
ham nets were (1) 100% polyester, (2) weight of 140 gram per square meter (GSM), (3) a stitch
length of 63.4 cm per 200 needles, (4) a wale per inch (WPI) of 24.8 (3.9/cm2), (5) a course
(filling) per inch (CPI) of 39.4 (6.1/cm2) and (6) a diameter of 19.8 cm. From the sample
provided, half was treated following the textile coating procedures outlined in Campbell et al.
(2018) in a food-grade production facility in accordance with the Code of Federal Regulations
110 Current Good Manufacturing Practice in Manufacturing, Packing, or Holding Human Food
(Food and Drug Administration, 2020). For mechanical performance testing, specimens were
selected following ASTM sampling procedures for the respective testing method for both
number of specimens recommended and location of specimen selection. Samples provided were
in accordance with ASTM, and BSI laboratory sample procedures and specimens were selected
following test specimen procedures. Both sample and specimen procedures are outlined in the
respective ASTM and BSI standard test methods under acceptable sampling techniques for
textile testing.
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Figure 1.4

1.6.2

Treated (a) and untreated (b) ham net sample.

Chemical Solution Preparation
Campbell et al. (2018) reported that a 10%-20% solution of PG+ 1% PGA+ 1% CG was

effective at controlling ham mites under laboratory conditions. However, since the nets may be
coated with higher percentages of PG if adopted commercially, a 40% PG + 1% PGA + 1% CG
solution was prepared for the surface coating treatment. Here, PG contributes to the solution as
the main ingredient to control the growth of the ham mite. The polysaccharides, PGA and CG
function as carriers to keep the PG on the net and prevent evaporation of the PG. The PG was
acquired from Hawkins, Inc. (Roseville, MN, USA) with a lot number 384781; the PGA and CG
were provided by TIC Gums, White Marsh, MD, USA.
One liter of chemical solution contained 400 g of PG. 10 grams carrageenan CG and 10
grams propylene glycol alginate PGA were slowly mixed into the PG solution. All 420 grams of
chemical is mixed into a pot of three-liter volume by slow and vigorous stirring and made a
solution liquor adding 580 grams of warm (35°C -50°C) water slowly. Then the solution was
heated up with continuous stirring in a pot until the temperature reached 85°C as the solution
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started to boil. The solution was then transferred to the netting machine (Midwest Metal Craft &
Equipment Company, Winsor, MO) to soak the nets. The soaked nets were passed through a
padding roller to squeeze out the extra solution. Finally, the coated nets were vacuum packaged
(model, city, state for vacuum packager and bags) and kept for conditioning
1.6.3

Sample Conditioning
Before the specimen selection and mechanical performance characteristic testing,

samples went through a preconditioning process, in accordance with ASTM D1776/D1776M
Standard Practice for Conditioning and Testing Textiles. Treated and untreated samples rested
overnight in a conditioned laboratory at the temperature of 20°±2°C (68°±4°F) with a relative
humidity (RH) 65±2%. The treated sample remained in a (50.8 cm X 71.12 cm) vacuum bag (3
ml standard barrier, nylon/PE clarity pouches, Kansas City, MO) with a dual chamber vacuum
packaging machine (Model 2100, Koch equipment LLC, Kansas City, MO) due to the volatile
nature of the chemical solution but received sufficient conditioning before the test, according to
the aforementioned ASTM standard. The untreated samples remained flat on a table surface at
20° C.
1.6.4

Mechanical Performance Characteristic Testing
Following prior cited literature methodologies, the following testing standards were used

to evaluate mechanical performance characteristics: abrasion resistance, elastic recovery,
breaking strength, and bursting strength. Each of the following apparatuses, specimen selection,
procedures, evaluation, and data reporting followed international standard guidelines set by
ASTM International and the British Standards Institute.
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1.6.4.1

Abrasion Resistance
The abrasion resistance test followed the ASTM standard method D4966 Standard Test

Method for Abrasion Resistance of Textile Fabrics (Martindale Abrasion Tester Method) using
a Nu-Martindale abrasion and pilling tester (James Heal, UK.), figure 1.5, with a standard weight
on each head that provides 9 kilopascals (kPa) of pressure to the sample. The cut specimens
were circular, with a diameter of 38mm and selected at a 45° diagonally from the sample nets
raw edge. The ASTM standard recommends testing three specimens from each sample, whereas
Dastjerdi & Mojtahedi (2013) and Wen et al. (1995) tested six specimens. Due to the availability
and length of the sample, ten specimens from the treated and untreated samples were evaluated.

Figure 1.5

1.6.4.1.1

Nu-Martindale abrasion and pilling tester.

Procedure

The six-head Nu-Martindale Abrasion Tester (figure 1.5) was calibrated according to the
ASTM standard D4966. Specimens were cut with a press cutter of a diameter of 38 mm and
placed on the head of the machine along with the support of circular polyurethane foam of equal
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diameter of the specimen in between the specimen and metal insert to keep the specimen flat and
even throughout the abrasion (rubbing) cycle. The abrasion (rubbing) continued until the first
thread was broken with a hole that appeared on the abraded surface. Specimens were checked in
a regular interval of 500 cycles after 7000 cycles. The number of cycles needed to make a hole or
break the first yarn was recorded.
1.6.4.2

Elastic Recovery Test
Determination of Elasticity of Fabrics (BS EN 14704-1:2005) outlines procedures to

evaluate the elasticity and related properties of stretch and net textiles. One of the key related
properties of this standard test method is the percentage of the recovery that a textile exhibits
after elongation and a rest period. The elongation procedure utilizes the Fabric Extensometer
(James Heal, UK) apparatus, figure 1.6. Specimens are selected at random from the sample at
least 3mm from any raw edge without any area that is creased or contains a visible fault. This
standard does not specify the number of specimens required. However, in a preliminary study,
elastic recovery was calculated based on the elongation of 10 specimens from both the course
and wale direction of 100% polyester ham nets (Al-Amin et al., 2019). The results and
procedures provided consistent and reliable results and support the selection of ten specimens
from both treated and untreated nets, in both the course and wale directions.
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Figure 1.6

1.6.4.2.1

Extensometer

Procedure

The specimen size for this test was 85 mm x 75 mm. Each specimen was marked with
two reference lines aligned perpendicular to the two grips on the tester. The distance between the
reference marks (P) was recorded. One grip was fixed, and the other was movable. The minimum
and initial distance between the jaws was 75 mm (E). After placing the specimen into the jaws of
the extensometer, a three kg weight was mounted to the movable jaws with the support of a
metal wire, which gave a substantial extension force to the specimen, while rotating the wheel of
the movable jaw. The distance between the jaws after turning the wheel (L) five times was
recorded. The specimen was extended for at least ten seconds and then taken off. The distance
between the reference marks (Q) was recorded. All the measurements were taken in mm. The
procedure was done for both directions of the treated and untreated specimens. Calculations were
made following the equation outlined in BS EN 14704-1:2005.

Elongation (S) =

Length after 5th cycle (L) – Initial length (E)
Initial length (E)
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∗ 100%

1.1

Unrecovered Elongation (C) =
Distance between reference marks after 5th cycle (Q) − Initial distance between ref.marks (P))
Initial length between reference marks (E)

∗ 100%

Recovered Elongation (D) = (100% – C)

Elastic Recovery (R) =

1.6.4.3

Recovered Elongation (D)
Elongation (S)

1.2

1.3

∗ 100%

1.4

Breaking Strength
Prior literature recommends the use of ASTM D5034−09 Breaking Strength and

Elongation of Textile Fabrics-Grab Test as the standard method for breaking strength using he
Mark-10 ESM 1500 (figure 1.7) with a 226.8 KG load cell with a gauge length of 6.35 cm.
ASTM recommends five specimens from each sample to test in both the course and wale
direction, whereas Lin et al. (2017) tested ten (10) specimens from each sample to test the
breaking strength of mesh textiles with valid and reliable results. Specimens were cut with their
long dimensions parallel either to the course and wale direction. Specimens were selected no
nearer to the selvage, or edge of the textile, then one-tenth of the width of the textile. Each
specimen was cut 100 +/-1 mm wide by at least 150 mm long with the long dimension parallel to
the direction (course or wale) of testing and force application.
1.6.4.3.1

Procedure

In accordance with ASTM D5034−09, both wale and course (filling) specimens were
selected and cut (5.08 cm X 7.62 cm) from the treated and untreated samples and placed
lengthwise in the jaws of the tensile tester. The instrument was tared for each procedure and yarn
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breakage or specimen tearing was recorded as the upper jaw increased vertical tension. Data
collected from the procedure include time (s) and load (N).

Figure 1.7

1.6.4.4

Mark-10 ESM 1500 tensile tester.

Bursting Strength Test
Khoddami et al. (2010) used the ball bursting strength test as part of the mechanical

performance characteristics of knitted fabrics where force was applied to different directions of
the specimen simultaneously. The ASTM D3786 Standard Test Method for Bursting Strength of
Textile Fabrics—pneumatic bursting strength tester method was followed and uses a Truburst4
(model-1440 Truburst 4) (figure 1.8) made by James Heal, UK with built-in standard calibrated
test procedures of ASTM International and ISO. This test method measures the resistance of
textile fabrics to bursting using a hydraulic or pneumatic diaphragm bursting tester. ASTM
recommends testing at least five specimens from each sample. Khoddami et al. (2010) carried
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out a bursting strength test for ten specimens each of hydrophobic surface-coated PLA and PET
knitted fabric. The maximum air pressure was 1000 kPa (kN/m2)/145 psi/10 bar. The diameter of
the rubber diaphragm and the specimen was 29.8 cm, whereas the testing area was 7.3 cm2
(diameter 30.5 mm).

Figure 1.8

1.6.4.4.1

Bursting Strength Test on Truburst4

Procedure

In accordance with the ASTM D3786, the circular specimens were cut as per the same
diameter of the rubber diaphragm. The diaphragm was placed on the center of the test area,
followed by the specimen and dome. After setting the dome, the Truburst started running with an
air pressure range of 140-145 PSI.
The machine was run according to the built-in ASTM standard calibrated method that
continued until the sample burst with the required pneumatic pressure, as in figure 14. The
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bursting pressure (PSI), distension (mm), and time (s) to burst the specimen were recorded from
the monitor.
1.6.5

SEM Image Analysis
Scanning Electron Microscope (SEM) images were taken for treated and untreated ham

nets for a morphological observation to investigate the in-depth effect of the chemical treatment
on the fiber physiology. A ZEISS EVO-50 H (Germany) scanning electron microscope
processed all the images at the different microscale (20 μm, 50 μm, 100 μm, and 200 μm) and
magnification level ranging from 95 X to 501 X. The key fiber and fabric surface parameters
were in accordance with the SEM image analysis of Shin et al. (2005) and the preliminary work
related to this study (Al-Amin et al., 2019).
1.6.6

Statistical Analysis
The Statistical Package for Social Sciences (SPSS) software (version 26.0, IBM, NY,

USA) was used to analyze the data in order to compare the mechanical performance
characteristics. To look into the mechanical performance characteristics, an independent samples
t-test was conducted for each of the samples as follows: abrasion resistance, elastic recovery
(course and wale direction), breaking strength (course and wale direction), and bursting strength.
To evaluate overall mechanical performance characteristics, a MANOVA was conducted based
on prior research (see Vildan and Kaplan, 2011; and Ozcan, 2017). When the MANOVA was
significant, a Bonferroni post hoc analysis is available for the elastic recovery and breaking
strength because these items had more than three levels for variable grouping (elastic recovery:
treated course, treated wale, untreated course, untreated wale; breaking strength: treated course,
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treated wale, untreated course, untreated wale). SEM visual morphological analysis was
analyzed following procedures outlined in Shin et al. (2005).
1.7
1.7.1

Results and Discussions
Abrasion resistance

Results indicate that both treated and untreated samples averaged abrasion cycles in excess of
11,000. For reference, seating upholstery in furniture results are typically reported near 15,000,
while industrial textiles often score in excess of 35,000 (Textor et al., 2019). However, results of
the independent samples t-test were not statistically significant, t (18) = -0.93, p>.05, indicating
there is no significant difference in abrasion resistance between treated samples (M = 12800, SD
= 3146.43, df = 9) and untreated samples (M = 11750, SD = 1654.12, df =9). Hence, the null
hypothesis was failed to reject. Table 2 shows the abrasion cycle data of both untreated and
treated samples. Complete testing results and data analyses are in Table 3.
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Table 1.2

1.7.2

Abrasion Cycles
Specimen Abrasion Cycles for

Abrasion Cycles for

No.

Treated Sample

Untreated Sample

1

7000

10000

2

8000

12000

3

14500

12500

4

15000

14000

5

15000

14000

6

16000

10000

7

11000

9000

8

12500

12000

9

14000

12000

10

15000

12000

Elastic Recovery
An independent samples t-test was conducted at 95% confidence interval in both the wale

and course directions. The independent t-test for wale direction resulted in a statistically
significant difference between the elastic recovery of treated (M = 5.64, SD = .768, df = 9) and
untreated (M =7.36, SD = 0.66, df =9) samples; t (18) = 5.38, p<.05. Therefore, null hypothesis
was rejected (Table 1.3). Result indicates a significant effect of food-grade coating on the elastic
recovery of the ham nets. Therefore, untreated ham nets recover closer to the original
dimensions than the treated ham nets, in the wale direction. On the other hand, results for course
35

direction did not result in a statistically significant difference between the elastic recovery of
treated (M = 4.28, SD = 0.23, df = 9) and untreated (M =5.06, SD = 0.41, df =9) samples; t (18)
= 1.6, p>.05. Therefore, null hypothesis was accepted (Table 3). The results also suggest that
there is no significant effect of food-grade coating on the elastic recovery of the ham nets, in the
course direction. Results from elastic recovery in either direction provide information indicate
that the textile is able to perform as in its original intended state.
1.7.3

Breaking strength
Data for breaking strength was collected in both wale and course directions. The

independent samples t-test in the wale direction shows a statistically significant difference
between the breaking strength of treated (M = 143.80, SD = 27.60, df = 9) and untreated (M
=99.50, SD = 19.95, df =9) samples; t (18) = -4.11, p<.05. Therefore, null hypothesis was
rejected (Table 1.3). Results indicate the breaking strength of the treated ham nets is significantly
greater than untreated ham nets. Unlike the wale direction, the results of the independent sample
t-test for course direction did not show a statistically significant relationship between the
breaking strength of treated (M = 114.50, SD = 13.14, df = 9) and untreated (M =114.50, SD =
9.00, df =9) samples; t (18) = 0.00, p>0.05. Therefore, the null hypothesis was rejected (Table 3).
Results indicate no significant difference of the breaking strength between treated and untreated
ham nets in the course direction.
1.7.4

Bursting Strength
The independent samples t-test did not indicate a statistically significant difference

between the bursting strength of treated (M = 120.64, SD = 3.19, df = 9) and untreated (M
=120.29, SD = 2.48, df = 9) samples; t (18) = -0.277, p>.05, Therefore, null hypothesis was
36

accepted (Table 3). Notably, Black et al. (2008) reported the average bursting strength for antiinsect mesh textile nets was 144 kPa, which was higher than the results recorded for samples in
this investigation. However, the current results indicate the coating does not significantly affect
the bursting strength between treated and untreated ham nets.
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Table 1.3

Tests

Independent samples t-test of Abrasion Resistance, Elastic Recovery, Breaking
Strength, and Bursting Strength Test.
Samples

DF

M

SD

SE

95% CI

Treated

9

12800

3146.43

994.99

[10459 15050]

Untreated

9

11750

1654.12

523.08

[10566 12933]

Eq. Var. diff

18

2852.39

1124.1

[-3467 1367]

Elastic

Treated

9

5.64

0.768

0.24

[5.09 6.19]

Recovery

Untreated

9

7.36

0.66

0.21

[6.89 7.83]

(Wale)

Eq. Var. diff

18

0.77

0.32

[1.05 2.40]

Elastic

Treated

9

4.82

0.23

0.07

[4.66 4.99]

Untreated

9

5.06

0.41

0.13

[4.77 5.35]

Eq. Var. diff

18

0.26

0.15

[-0.075 0.55]

Breaking

Treated

9

143.8

27.60

8.73

[124 164]

Strength

Untreated

9

99.5

19.95

6.31

[85 114]

(Wale)

Eq. Var. diff

18

28.87

10.77

[-68 -22]

Breaking

Treated

9

114.50

13.14

4.16

[105 124]

Strength

Untreated

9

114.50

9.00

2.85

[108 121]

(Course)

Eq. Var. diff

18

15.12

5.03

[-10.58 10.58]

Bursting

Treated

9

120.64

3.19

1.01

[118 123]

Strength

Untreated

9

120.29

2.48

.78

[119 122]

Eq. Var. diff

18

1.85

1.27

[-3.0 2.33]

t

p

-0.93

.37

5.38

<.05

1.6

.13

-4.11

<.05

00

1.00

-.277

.79

Abrasion
Resistance

Recovery
(Course)

Note: DF = degree of freedom, M = Mean, SD = standard deviation, SE = standard deviation, r =
Pearson correlation coefficient, CI = confidence interval. Eq. Var. diff = Equal Variance
difference.
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1.7.5

Multivariate Analysis of Variance (MANOVA)
To establish a relationship on the effect of the coating on all of the tested mechanical

performance characteristics, a MANOVA was conducted. The Pillai’s Trace for intercept
showed a significant relationship (F (2) = 3605.71, p<.05), and the Pillai’s Trace for samples also
showed a significant relationship (F (6) = 17.73, p<.05) among the dependent variables (Table
1.4).
Table 1.4

Multivariate Analysis of Variance (Pillai’s Trace).
Hypothesis

Effect

Value

F

Error df

p

df
Intercept Pillai's Trace
Samples

Pillai's Trace

.99

3605.71

2.00

35.00

.000

1.19

17.73

6.00

72.00

.000

Note. df = degree of freedom

To compare the different groups of dependent variables and limit the effect of Type I
errors, a post hoc test for Bonferroni Correction post hoc test was conducted (Table 1.5). The
Bonferroni Correction was selected due to the small sample size of this study and is considered a
more conservative approach. Tests are such as elastic recovery and breaking strength that each
have four levels: untreated wale, treated wale, untreated course, and treated course. Variables of
the tests were for both wale (treated and untreated) and course (treated and untreated) directions.
In elastic recovery test, relationships were found statistically significant except treated wale –
untreated course and treated course – untreated course. On the other hand, in terms of breaking
strength, six relationships were found statistically significant and the other six relationships were
not resulting in an inconclusive decision. Through the application of a Bonferroni correction,
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results below support the statistically significant results from the independent samples t-tests for
elastic recovery and breaking strength in the wale direction. Therefore, overall significant
difference assessment of mechanical performance characteristics between treated and untreated
ham nets may largely be attributed to the significant differences on elastic recovery and breaking
strength in the wale direction.
Table 1.5

Multivariate Analysis of Variance (Post Hoc for Bonferroni multiple comparison)

Dependent Variable (I) Samples
Elastic Recovery

Breaking Strength

(J) Samples

Treated wale

Untreated wale
Treated course
Untreated course
Untreated wale Treated wale
Treated course
Untreated course
Treated course
Treated wale
Untreated wale
Untreated course
Untreated course Treated wale
Untreated wale
Treated course
Treated wale
Untreated wale
Treated course
Untreated course
Untreated wale Treated wale
Treated course
Untreated course
Treated course
Treated wale
Untreated wale
Untreated course
Untreated course Treated wale
Untreated wale
Treated course
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Mean
Difference Std. Error
(I-J)
-1.72
.25
.82
.25
.58
.25
1.72
.25
2.54
.25
2.30
.25
-.82
.25
-2.54
.25
-.24
.25
-.58
.25
-2.30
.25
.24
.25
44.30
8.41
29.30
8.41
29.30
8.41
-44.30
8.41
-15.00
8.41
-15.00
8.41
-29.30
8.41
15.00
8.41
.00
8.41
-29.30
8.41
15.00
8.41
.00
8.41

p
.00
.01
.15
.00
.00
.00
.01
.00
1.00
.15
.00
1.0
.00
.01
.01
.00
.49
.49
.01
.49
1.0
.01
.49
1.00

1.7.6

SEM Image Analysis
The Scanning Electron Microscope (SEM) image of the treated ham net (figure 1.9a)

shows that the absorbed food-grade coatings adhered to the inner fibers. The absorption of
coatings distended the inner fibers in appearance which made the visual surface more relaxed,
flattened, viscous, and soft. No visual damages or deteriorations of the inner fibers were
detected. The SEM image of the untreated sample (figure 1.9b) shows the normal morphological
condition of the polyester fiber with no distension and deterioration of the fiber. Visually, the
untreated surface is rough with higher curling tendency. However, the visual assessment notes no
visual breakage or damage to the fiber structure. Visual damage is assessed by the appearance of
cracks, breaks, or sever folds in the fiber structure. While the visual assessment notes the fiber
alignment differences (nonlinear Figure 1.9a and linear figure 1.9b), the coating does not appear
to negatively affect the fiber structure, nor does it provide a significant observation of
morphological differences.

Figure 1.9

Scanning Electron Microscope (SEM) images of treated (a) and untreated (b) and
ham net
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1.7.7

Addressing the Hypotheses

H1a0. There will be no significant difference in the abrasion resistance between treated and
untreated ham nets.
Findings (H1a0): The null hypothesis was accepted. Therefore, there was no significant
difference in the abrasion resistance between treated and untreated ham nets.
H1b0. There will be no significant difference in the elastic recovery between treated and
untreated ham nets.
Findings (H1b0): The elastic recovery in wale direction was rejected and in course direction, it
was accepted. Therefore, there was no significant difference in the elastic recovery
(course) between treated and untreated ham nets.
H1c0.There will be no significant difference in the breaking strength between treated and
untreated ham nets.
Findings (H1c0): The breaking strength in wale direction was rejected and in course direction it
was accepted. Therefore, there was no significant difference in the breaking strength
(course) between treated and untreated ham nets.
H1d0.There will be no significant difference in the bursting strength between treated and
untreated ham nets.
Findings (H1d0): The null hypothesis was accepted. Therefore, there was no significant
difference in the bursting strength between treated and untreated ham nets.
H20. There will be no significant difference in overall mechanical performance characteristics
(abrasion resistance, elastic recovery, breaking strength, and bursting strength) between
treated and untreated ham nets.
Findings (H20): Inconclusive.
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H30. There will be no visual morphological differences of Scanning Electron Microscopic (SEM)
images between treated and untreated ham nets.
Findings (H30): The null hypothesis was accepted. Therefore, no visual morphological
differences of Scanning Electron Microscopic (SEM) images between treated and
untreated ham nets were found.
1.8

Conclusion
For each of the individual measure (abrasion resistance, elastic recovery, breaking

strength, and bursting strength), results indicate the treatment of a mesh ham net with a
carrageenan, propylene glycol alginate, and propylene glycol solution has little to no effect of the
mechanical performance characteristics of the ham nets. For stakeholders, including dry-cured
ham producers, this means the coating of a textile with this solution as part of an integrated pest
management program will perform just as well if not better than the ham nets currently available
in the market. Furthermore, this research supports the use of treated ham nets to increase the enduse functionality and provide stakeholders an option for integrated pest management without
compromising performance needs.
1.9

Limitations and Future Recommendations
Further studies to integrate the solution at the polymer stage or during the extrusion

process would provide additional information about the effects of the chemical compounds on
mechanical performance characteristics and control of ham mites. Additionally, additional
mechanical tests (e.g. Elmendorf Tear Test) could be incorporated to assess overall mechanical
performance characterizations. Analyzing different combinations of mechanical tests may
provide future researchers with a stronger model of tests which accurately assess overall
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mechanical performance characteristics. However, it was not possible due to the availability of
the equipment and limitations on specimen availability. While this study only examined 100%
polyester ham nets, currently, there are a variety of fiber contents used for mesh textile nets in
the food industry. Duplicating this study with different fibers is also recommended to determine
the effects of propylene glycol on natural fibers, specifically such as cotton.
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